Water quenches the fluorescence of methyl 9-anthroate with a rate constant showing little dependence on solvent viscosity or polarity. In dioxane, at 20 OC the value of the rate constant is 9.6 X lo6 M-' s-l , a nd the activation energy found for the process is 14.1 kJ mol-'. The quenching process is entropy-controlled and is likely to involve a hydrogen-bonded complex as an intermediate. Since the fluorescence lifetime of methyl 9-anthroate does not depend on the solvent properties other than its hydrogen-bonding ability, the concentration of nearby water can be estimated directly. Values of 3, 54, and 14 M were obtained for the solubilization site of methyl 9-anthroate in micelles of Triton X-100, sodium dodecyl sulfate (SDS), and dodecyltrimethylammonium chloride (DTAC), respectively. From the ring current effect of the anthroate group on the 'H NMR chemical shifts of the surfactant protons, it is concluded that the anthroate fluorescent probe is preferentially located in the surface region of the SDS and DTAC micelles; however, in Triton X-100, it resides in the micelle interior near the phenoxy groups of the surfactant molecule.
Introduction
During the past two decades considerable effort has been made on the study of micelles regarding their fluidity'" and polar it^."'^ Many of these studies were performed employing fluorescent probes, Le., molecules whose fluorescence spectrum, quantum yield, or lifetime depends on one of the above properties in a convenient manner.14 Although polarity probes have been used to evaluate the water content in a probe that responds directly to the presence of water (Le., not through polarity) has not yet been described as such. In those reports, the response to the polarity of the surrounding medium of either the energy of the fluorescence or the fluorescence lifetime gave some qualitative information on the amount of water in the probe vicinity (in spite of the wellknown difficulties involved in the building up of a calibration curve for polarityI4 because of the choice of the polarity parameter and the set of solvents). Specifically, it is difficult to separate the polarizability effects from those of the dipole moment or hydrogen bonding on the spectroscopic property under study (spectrum or lifetime).
Several years ago, Werner et al. pointed out that the fluorescence of the 9-anthroate chromophore was strongly quenched in the presence of hydrogen-bond donors such as alcohols and ~a t e r . '~J~ This feature opens up the possibility of using this (1) Blatt, E.; Ghiggino, K. P.; Sawyer, W. J. Chem. Soc., Faraday Trans. chromophore as a specific probe of the water content in molecular organizates provided the following additional requirements are fulfilled: (a) the probe must solubilize exclusively in the organized phase, (b) the mean location of the probe in the organizate must either be known or be determinable by an independent technique, (c) the fluorescence quantum yield or lifetime of the probe must be independent of the environment properties (e.g., fluidity, polarity, or polarizability) other than the water content, (d) the quenching by water should also be independent of the solvent properties, and (e) the probe should not introduce a great perturbation in the organizate.
The work reported here deals with the evaluation of the fulfillment of these conditions by the 9-anthroate chromophore. Namely, (1) the mechanism and the kinetics of the fluorescence quenching of methyl 9-anthroate by water are investigated in some detail, and (2) the fluorescence properties and the mean location of methyl 9-anthroate when incorporated in SDS, DTAC, and Triton X-100 micelles are studied making use of fluorescence and 'H N M R techniques.
Experimental Section
Reactants and Sample Preparation. The synthesis of methyl 9-anthroate has been previously described." Dioxane (Merck Uvasol) was either dried over sodium or molecular sieves 4A or used as purchased. Drying did not change the fluorescence of the samples. Water was distilled twice, SDS (Merck, biochemical grade) was recrystallized from ethanol, and Triton X-100 (BDH scintillation grade) was used as purchased.
M except for the samples used in the flash photolysis experiments and in the N M R experiments (see below). The concentration of surfactant was 0.1 M in all cases. Micellar solutions were allowed to stand for at least 24 h before measurement.18 All solutions were degassed by the freeze-pumpthaw technique (six cycles at Apparatus and Methods. Fluorescence spectra were measured with an Hitachi Perkin-Elmer MPF-3 spectrofluorometer. The analogic output of the MPF-3 was digitized with a Keithley 163 digital voltmeter and stored in a PDP 11/23 computer. The instrumental response at each wavelength was corrected by using fluorescence standards.19 The method was found to give better accuracy than the correction unit which is part of the MPF-3.
The fluorescence quantum yields of methyl 9-anthroate in dioxane and dioxane-water were measured with anthracene and quinine sulfate as standards, where 4,, of anthracene in ethanol
The concentration of methyl 9-anthroate was kept at 5 X Torr). The integration of the spectra was made over the emission wavelength range, and corrections for changes in the refractive index were done according to Parker.22 Fluorescence decays were obtained by using the timecorrelated single photon counting technique. The apparatus is identical with one previously described.23 The excitation was made with an Edinburgh Instruments lamp 199F filled with N2 (LC = 337 nm), and the emission of the sample was measured at 450 nm with a Philips XP202OQ photomultiplier. Alternate measurements ( lo3 counts at the maximum per cycle) of the pulse profile, at 337 nm, and sample emission23 were performed until 2 X lo4 to 3 X lo4 counts a t the maxima were reached. The decays in micellar solutions were measured with the emission polarizer set at the magic angle in order to depolarize the sample emission. The photomultiplier "wavelength shift" was evaluated from the best fits to a single exponential of the fluorescence decays of 9,lOdiphenylanthracene in benzene, measured at emission wavelengths in the range between 420 and 500 nm, with excitation at 337 nm (1 ps nm-' at 2.35 kV). The fluorescence decays were deconvoluted by using a program based on the modulation functions method as implemented by Striker, with shift correction24 (software package SANDBOX for Digital PDP 11/73 and VAX 780).
Triplet-triplet absorption spectra and decays were obtained with a conventional kinetic flash photolysis apparatus from Applied Photophysics. The flash energies were 200 J (fwhm = 4 ps). The concentration of methyl 9-anthroate was 1.5 X M for all the samples. Under these conditions the initial triplet concentration is 10% of that of the ground state. The transients were stored in a Nicolet oscilloscope (Model 3091) transferred to the PDP 11/73 and then fitted to a particular decay law, using standard nonlinear least-squares methods.
Preparative irradiations of degassed solutions of methyl 9-anthroate were carried out with stirring using the 365-nm line of a medium-pressure Hg arc lamp selected with appropriate chemical filters (Z(365) = 3 X IO-' einstein s-l).
'H N M R spectra were run in a Bruker CXP-300 spectrometer working a t a frequency of 300.066 MHz for protons. For each spectrum 32 scans were acquired and transformed with a digital resolution of 0.146 Hz point-'. A good digital resolution is essential because of the small magnitude of the expected ring current shifts. The sample was thermostated at 25 f 0. 
considered useful, the resolution of the spectra was enhanced by multiplication with a Gaussian function prior to Fourier transformation. In order to minimize the possible perturbation of the probe environment, the probe-to-surfactant ratio was 1 /40.
3. Fluorescence Quenching of Methyl 9-Anthroate 3.1. Results. Fluorescence in Dioxane-Water Mixtures. The fluorescence spectrum of methyl 9-anthroate in dioxane is structureless, with a maximum at 455 nm. The lack of a mirror-image symmetry with the absorption spectrum (not shown) was attributed to the different configurations of the molecule in its ground (nonplanar) and first singlet excited (planar) states.I5 Upon addition of water the fluorescence maximum shifts progressively toward longer wavelengths, reaching a value of 474.5 nm for [H,O] = 26.4 M (Figure 1 ). This large bathochromic shift is due to the large dipole moment of methyl 9-anthroate in the excited state ( l e -pg = 5.2 D), where the lowest AT* singlet state has a strong contribution from the anthracenecarboxylate charge-transfer c o n f i g~r a t i o n .~~ A 5-fold decrease of the fluorescence quantum yield is observed between dioxane and the dioxane-water mixture with the largest water content (Table I ). The fluorescence decays of methyl 9-anthroate in dioxane and in all dioxane-water mixtures are single exponentials. The decrease of the fluorescence lifetime with increase of water concentration is smaller than the one observed in the fluorescence quantum yield (Table I ).
The radiative, kh and the sum of the nonradiative rate constants, k,, = kic + ki,, where kic is the internal conversion rate constant and ki, is the intersystem crossing rate constant, were calculated from these data and are also given in Table I . The radiative rate constant, kf, is nearly unchanged, in agreement with earlier Werner's data.I6 Nevertheless, a decreasing trend is observed upon addition of water. The refractive indexes of the mixtures decrease in the same manner.
It becomes apparent from the data given in Table I that the response of 4 and 7 to the presence of water is due to the variation of the sum of the nonradiative rate constants, knr. A similar conclusion was previously reached by Werner et a1.I6
Triplet-Triplet Absorption. The T-T absorption spectrum of methyl 9-anthroate in dioxane, at 20 OC, is identical with respect to shape and wavelength maximum with the one observed in benzene (%(432 nm) = 6.3 X lo4 M-I cm-' ). 26 The absorbance decays were monitored at 425 nm and fitted ( Figure 2a ) to decay kinetics including T-T annihilation:
In this equation, ,A* represents the first triplet state of methyl 9-anthroate, T~ is the triplet lifetime, and km is the rate constant of triplet-triplet annihilation.
In neat dioxane, the best fit for eq 1 is obtained with km = 1.2 X 10' M-' s-' , 7 = 18 ms, and [3A*](0) = 1.7 X 10" M Photochemical Reactivity. The photochemical reactivity of methyl 9-anthroate was investigated following its absorption spectra, fluorescence spectra, and fluorescence decays before and after irradiation (see Experimental Section).
Irradiation of a methyl 9-anthroate solution in a dioxane-water (4.4 M) mixture, up to 3 h, produced no changes in the spectra or the fluorescence decay, although during this time each molecule is excited an average of 20 times. The possible formation of the 9-anthroic acid was investigated because its spectrum and decay are similar to those of methyl 9-anthroate. Addition of NaOH to the irradiated samples produced no signs of the fluorescence spectrum of the 9-anthracenecarboxylate anion which is structured and blue-shifted with respect to its protonated form.ls Moreover, the fluorescence decays remained single exponential. These results exclude a chemical reaction with water as responsible for the observed quenching. Therefore, it is concluded that water quenches the methyl 9-anthroate singlet state through a physical process, namely, the internal conversion channel. Fluorescence Lifetime as a Function of the Solvent Viscosity and Polarity. The fluorescence lifetimes of methyl 9-anthroate in several solvents at 20 O C obtained from single-exponential decays are presented in Table 11 . The data of Werner for the lifetimes of methyl 9-anthroate in alcoholsI6 are also given in the same table. It is seen that the lifetimes are independent of the solvent viscosity and polarizability (solvents 1-7 in Table 11 ). In nonprotic solvents, also the solvent polarity does not induce any appreciable change on those decay times (solvents 8-10 in Table  11 ). The fluorescence lifetime of methyl 9-anthroate in acetonitrile is decreased down to ca. 8 ns, but this is due to a photochemical reaction of the ester with this solvent.28 Acetonitrile also reacts with other aromatic esters.25 Therefore, the quenching process is exclusively due to the presence of OH groups (see bottom of Table 11 ). Quenching Rate Constant. The ratios of the fluorescence quantum yields of methyl 9-anthroate, in the absence and in the presence of water, do and 4, respectively, and also the corresponding fluorescence lifetime ratios, ro/r, are plotted against water concentration in Figure 3 . It is seen that the Stern-Volmer plots29 are nonlinear. This observation will be commented upon in the Discussion section.
For concentrations of water lower than ca. 20 M, the representation of ro/r vs [H20] is linear, and the value of the quenching rate constant, k, = 9.6 X lo6 M-' s-l, is obtained from the expression This value is 3 orders of magnitude lower than the calculated diffusion-controlled rate constant in the dioxane-water mixtures which range from 7 X lo9 to 1 X 1O1O M-' s-l. The value of k, (of water) in other solvents displaying viscosities and polarities different from those of dioxane can be evaluated with eq 3 (from the data in Table 11 ). In acetone, a t 20 OC (7 = 0.324 cP, c = 20.7), the quenching rate constant has a value of k, = 9.0 X lo6 M-' s-I, and in 1,3-propanediol (7 = 46.6 cP, e = 35.0) the value is only slightly larger (k, = 1.1 X lo7 M-' s-l). Both values are similar to the one obtained in dioxane (7 = 1.30 cP, c = 2.2), which shows that the 9-anthroate-water interaction depends neither on the solvent viscosity nor on the polarity. Furthermore, the fluorescence quenching by deuteriated water in dioxane (k, = 7.6 X lo6 M-' s-') is less efficient than the one induced by H20.
This ensemble of results shows that the quenching of methyl 9-anthroate by water is reaction-controlled and it is strictly related to the formation of a hydrogen bond.
The ratios of the quantum yields are significantly greater than r0/r. Larger values of ~$~/ 4 than those of rO/r have been found either when transient effects on diffusion-controlled reactions are pre~ent'~.~' or when ground-state association leading to static quenching occur^.^^^^^ Since k, is 3 orders of magnitude lower than the diffusion-controlled limit, transient effects can be ruled out. Ground-state association will next be investigated as a possible cause for the differences between 40/q5 and ro/r. The Arrhenius plot of the quenching rate constant, k,, which is assumed to be proportional to (r0/7 -1)pZo/pT (see eq 3), is shown in Figure 5 . (p20/pT corrects for the change in water concentration due to the variation of the density with temperature.) Values of the activation energy E, = -R d(ln k,)/d(l/T) = 14.1 kJ mol-' and the preexponential faptor k : = 3 X lo9 M-' s-l are obtained from this plot. These values are identical within the experimental accuracy for the three concentrations of water ( Figure 5 ) . Since, as shown before, the quenching process is reaction-controlled (k, is independent of solvent viscosity and is much smaller than the diffusion-controlled rate constants in those solvents), E, and k : refer to the quenching step itself free from diffusional contributions. Within this context, it should be noted that k, is low due to a small preexponential factor and not to a large activation energy.
In Figure 5 , plots of In [(40/4 -l)p2O/p7 as a function of the reciprocal temperature are also shown. These plots present a downward curvature due to a gradual decrease of the differences between 40/4 and ro/r. At about 90 OC the difference becomes negligible for [H20] equal to 8.8 and 17.6 M. These observations are compatible with an exothermic ground-state association between methyl 9-anthroate and water. With the increase of temperature, the equilibrium is shifted toward the free species and, therefore, the difference between $o/@ and rO/r decreases. At the high-temperature limit, where the concentration of the associated ester is negligible, tp0/4 equals ro/r. bonding between the two species, is anticipated. Evidence for this association was previously obtained by using the FT-IR technique (Fourier transform infrared spectroscopy) to monitor the stretching vibration of the anthroate carbonyl group (1726 cm-'). Upon addition of water, a new absorption band at lower energies (1710 cm-I), which is attributable to the hydrogen-bond complex, is observed.35 From a plot of the integrated intensity of these two bands as a function of the water concentration, the value of the equilibrium constant of this complex at 20 O C was obtained to be Kb = 1 X M-1.35 This means that, e.g., for the mixture 17.6 M in HzO, 15% of methyl 9-anthroate is hydrogen-bonded to water. (The absence of evidence for hydrogen bonding in the electronic absorption spectrum is due to the noncoplanarity of the carboxylate and the anthracene ring in the ground state.)
The difference between $Jo/$J and T~/ T can be rationalized if the hydrogen-bonded fraction of the excited molecules is quenched immediately after the excitation time. The simplest kinetic scheme compatible with the above considerations and the spectroscopic data involves four species: the free anthroate in the ground and in the excited states and the hydrogen-bonded complex also in the ground and in the excited states (Scheme I).
The dissociation of the excited hydrogen-bonded complex back to the excited methyl 9-anthroate is neglected on the basis of the observed single exponentiality of the decays of methyl 9-anthroate at any emission wavelength and temperature; Le., 1 /~d is much larger than the dissociation rate constant.
In Scheme I, A represents the anthroate chromophore, Kb is the equilibrium constant of association in the ground state, a is the fraction of the absorbed light, Io, due to A, which is related to Kb through eq 4, 1 /~~ is the reciprocal lifetime of 'A* in the absence of quenching, and k, is the rate constant of association in the excited state.
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According to this scheme, the concentration of 'A* as a function of time follows an exponential law:
The reciprocal decay parameter, 1 /~, is given by eq 6, which can be rearranged to yield the modified Stern-Volmer equation (eq 3).
( 6 )
Besides, under photostationary state conditions, the following Mechanism. The activation enthalpy, AH*, and the activation entropy, AS*, at 20 O C , for the anthroate-water interaction in dioxane can be calculated with eq 8 and 9, where h, k, and R are the Planck, Boltzmann, and gas constants, respectively, and e is the basis of natural logarithms.
A H * = E , -R T
Their values are AH* = 11.7 kJ mol-' and AS* = -72 J mol-' K-' (standard state co = 1 M), showing that k, is small due to a large entropy change involved in the quenching process. This entropy control indicates a large stereospecificity of the quenching step which, in turn, is consistent with the hydrogen-bond formation. Consequently, since the radiative and the intersystem crossing rate constants do not depend on the presence of water, it is concluded that the fluorescence quenching of methyl 9-anthroate by water is due to an efficient radiationless decay of the hydrogen-bond complex. This conclusion suggests that it is specifically the hydrogen bond of water to the carboxylate group of the anthroate molecule that provides the coupling mode to the solvent states which provides the efficient radiationless process of methyl 9-anthroate. The assumption also explains the absence of significant quenching of the T,T* triplet state, where the carboxylate group is twisted with respect to the anthracene ring.36 In this configuration the carboxylate and therefore the hydrogen bond are not coupled to the anthracene T system. This has two consequences: (1) the deactivation process will become inefficient, and (2) the charge density on the oxygen atoms becomes small (no chargetransfer contribution), making the hydrogen bond weak (smaller Kb). Kinetics. The upward curvature of the Stern-Volmer plot obtained from photostationary data (do/d -1) is due to the ground-state anthroate-water association (see eq 7). However, the nonlinearity of the ( T~/ T -1) plot is not compatible with eq 3 and deserves further discussion. This curvature leads to a small lo7 M-' s-I at the highest concentration, which can in principle be due to three causes: (a) more complex kinetics than the one of Scheme I, (b) increase of k, with the polarity of the medium, and (c) decrease of T~ with the polarity of the medium besides the one derived from the hydrogen-donating ability of the solvent.
( a ) Complex Kinetics. Scheme I does not explicitly contain the equilibria of water self-association or dioxane-water association. Consequently, the effective concentration of water, [H,O] anthroate in nonprotic solvents, T~, is not sensitive to the polarity or to the viscosity of the solvent (see Results). Nevertheless, it cannot be excluded that, in addition to the quenching mechanism via hydrogen bonding, large concentrations of water may further reduce the fluorescence lifetime of methyl 9-anthroate.
In conclusion, factors b and c may affect the value of k,, although to a small extent; the observed variation of k, (9.6 X 106-1.13 X lo7 M-'s-l ) i s lower than 10-20%. Thermodynamics. From the preceding discussion (factor a) it is clear that Kb in Scheme I is a pseudoequilibrium constant which also contains the equilibrium constants of the water-water and water-dioxane association processes. Therefore, the value of f i b o , obtained from the variation of [ ( 4 0 / 4 ) / (~0 /~) ] -1 with the temperature, not only is the enthalpy change involved in the water-anthroate hydrogen-bonding process but also contains contributions from the enthalpy change associated with the water-water and water-dioxane hydrogen-bond breaking (AH? = -13-15 kJ mol-' for the water-dioxane hydrogen bond in CCl:*).
These contributions decrease the absolute value of f i b o , making it less negative than the formation enthalpy of the water-anthroate hydrogen-bond complex formed with the free species. Consequently, the observed value f i b o = -4.2 kJ mol-' does not have a simple direct relationship with the strength of the anthroate-water hydrogen bond in the ground state.
From the preceding discussion the following conclusions can be derived: (1) The fluorescence lifetime of methyl 9-anthroate does not depend on solvent properties other than its hydrogenbonding ability. (2) The rate constant of fluorescence quenching by water is also independent of solvent polarity or viscosity. (30) in (1) n-hexane, (2) cyclohexane, (3) diethyl ether, (4) dioxane, ( 5 ) ethyl acetate, (6) acetone, (7) N,N-dimethylformamide, (8) acetonitrile, (9) dichloromethane, (10) carbon tetrachloride, (1 1 Therefore, a direct determination of the concentration of water in the vicinity of the 9-anthroate chromophore should be possible, and consequently, this molecule can be considered as a suitable fluorescent probe for water. This assumption was submitted to experimental verification and is described in the next section.
Determination of Water Concentration at the
Solubilization Site of Methyl 9-Anthroate in SDS, DTAC, and Triton X-100 Micelles 4.1. Results. Fluorescence Spectra. Methyl 9-anthroate is sparingly soluble in water: but it can be easily incorporated in SDS, DTAC, and Triton X-100 micelles. The absorption and the emission spectra in these micelles are red-shifted with respect to those in nonpolar solvents. The shift in the emission spectrum is particularly large in the case of SDS, as is seen in Figure 8 , where the energies of the peak are compared with those found in neat solvents and dioxane-water mixtures covering a range of ET (30) values. The values of ET (30), corresponding to the solubilization site of methyl 9-anthroate in Triton X-100, DTAC, and SDS, taken from this calibration curve, are 48.0, 54.1, and 57.6 kcal M-I, respectively. In dioxane-water mixtures these values correspond to water concentrations of 8.4, 27, and 40 M, according to Langhals' data.39 Fluorescence Quantum Yields and Lifetimes. The fluorescence decays of methyl 9-anthroate in all three micelles are single exponential, provided they are measured with the emission polarizer set at the magic angle. The fluorescence lifetimes and quantum yields, at 25 OC, are presented in Table 111 . Using the value of k, at 25 OC (1.0 X lo7 M-l s-l ) a nd that of the unquenched lifetime of methyl 9-anthroate in dioxane, at 25 O C (12.3 ns), in eq 3, we calculated the concentrations of water in the vicinity of the probe in each micelle, and their values are also given in Table  I11 (2.8, 15, DTAC, and SDS) . In SDS, the resulting value corresponds to the concentration of bulk water while, in Triton X-100, it is very small, indicating a rather without methyl 9-anthroate, are plotted for the various proton resonances in Figure 9 . The presence of the probe induces upfield shifts in all the protons except in the terminal methyl group of DTAC, suggesting that this group is not located over the aromatic ring.42 A similar downfield shift of the methyl group resonance has been previously reported for pyrene derivatives solubilized in CTAB and TTAB micelle^.^' From the plots in Figure 9 , it is apparent that the ring current effect is maximal on the external protons (a, 0, and the y methylene groups) of the SDS and DTAC micelles, suggesting that methyl 9-anthroate is predominantly located at the surface region (terminal polar groups plus a few carbons) of the SDS or DTAC micelles. In contrast with this, in Triton X-100 micelles, the most shifted resonances are those due to the aromatic protons and to the adjacent ethoxy group, indicating a probe location near the surface of the inner hydrophobic core and away from the aqueous surface.
In spite of the general conclusion that the probe is located at the surface of both SDS and DTAC micelles, the plots in Figure  9 for these two surfactants show quite different features. In DTAC micelles a sharp decrease of the probe ring current effect is observed for the chain segments next to the methylene group, while the plot obtained with SDS micelles suggests a broader distribution of effects. 4.2. Discussion. Water Concentrations from Fluorescence Quenching. From the fluorescence quenching data, water concentrations of 2.8, 15, and 54 M were found in the vicinity of the solubilization site of methyl 9-anthroate in Triton X-100, DTAC, and SDS micelles, respectively. The last value (54 M) deserves a lower confidence level than those obtained in Triton X-100 or DTAC, because the quenching kinetic study in dioxane was not extended to the concentration range near that of neat water due to the low solubility of methyl 9-anthroate. In fact, water concentrations were calculated with the quenching rate constant value of 1.0 X lo7 M-' s-I, which is valid up to 30 M water concentration but is probably too low at 54 M. (See in section 3.1 the upward curvature of the T"/T Stern-Volmer plot.)
The 'H N M R data showed that methyl 9-anthroate is located in the surface region of both SDS and DTAC micelles, but it solubilizes in the hydrophobic core of the Triton X-100 micelle, near the phenoxy groups. In this latter micelle, the value of water concentration at the solubilization site of the probe (2.8 M) is much smaller than those reported in the literature (29 M for Triton X-100 from X-ray scattering43 or 30 M for pentaethylene glycol dodecyl ether from NMRU), which is understandable since these values refer to the mean water concentration in the whole micelle, while 2.8 M refers specifically to the surface region of the inner core. The result shows that there is very little water in this region, which is in agreement with the qualitative conclusion of Pod0 et al ! 5
In addition, it also shows that methyl 9-anthroate does not draw an appreciable amount of water into the micelle core which is different from other probes containing polar g r o~p s .~ In both SDS and DTAC micelles, large concentrations of water (54 and 14 M, respectively) are obtained in the vicinity of the probe. Although the concentration in SDS is much larger than the one obtained in DTAC, which is compatible with the larger bathochromic shift of the emission spectrum in the SDS micelles, the N M R data indicate a probe location at the surface of both micelles. Particularly in the case of DTAC, only the resonances arising from the surface protons are affected (see Figure 9 ), which implies that the detection of a smaller concentration is not due to a deeper mean location of the probe in this micelle.
As pointed out before, the NMR data in SDS indicate a broad distribution of effects along the surfactant chain, all proton resonances being considerably perturbed. Considering that the probe ''sees'' bulk water in this micelle, this result must mean that, rather than a deeper location of the probe, part of the terminal methyl hydrophobic solubilization site of methyl 9-anthroate in this micelle. The data in Table I11 (quantum yields and water concentrations) can be further used to evaluate the equilibrium constant Kb in the solubilization site of methyl 9-anthroate in these micelles, using eq 7 (see Table 111 ). It is interesting to note that, while in SDS Kb is similar to the equilibrium constant in dioxane (& = 0.7 X M-'), this is not the case in Triton X-100 where a much larger value is found (& = 0.40 M-'). The observation is compatible with the larger hydrophobicity of the location site in Triton X-100, where the lack of the water-water hydrogen bonds will lead to a larger equilibrium constant (see section 3.2).
Probe Location Using ' H NMR. The localization of an aromatic hydrocarbon in a micelle can be evaluated from the ring current effects on the chemical shift of the resonances arising from the different protons of the surfactant molecule. This useful technique was introduced by Eriksson and Gillberga and extensively applied by Zachariasse et a1.7J4*41
Micelles of Triton X-100 [(CH,)3CCH2(CH3)2-Ph-OCH2CH2-(OCH2CH2)7,5-OCH2CH20H] produce a well-resolved 'H N M R spectrum enabling the specific identification of the chain segments near which the probe is located. However, both in DTAC and in SDS micelles, the protons of eight out of the eleven methylene groups have very similar resonance frequencies, giving a broad structureless resonance, which prevents a detailed characterization of the probe perturbation in a long region of the chain.
The differences in chemical shift (AAa) between the N M R spectra of SDS, DTAC, and Triton X-100 micelles, with and and the middle methylene groups of the surfactant are located close to the surface. In fact, a linear arrangement of all the SDS monomers in the micelle is stereochemically i m p o~s i b l e .~~ Consequently, in order to rationalize the differences in the water content in the surface region of the SDS and DTAC micelles, more information is necessary, namely, data obtained with functional probes (e.g., the n-(9-anthroyloxy) stearic acids) with which different radial positions may be attained.
Water Concentrations from Fluorescence Spectra. Water concentrations can also be evaluated from the probe fluorescence spectra, if it is assumed that dioxane-water mixtures can be used to translate the ET(30) values of the solubilization site of methyl 9-anthroate in micelles (Figure 8) into concentrations of water.
When the values obtained in this way (8.4,21, and 40 M in Triton X-100, DTAC, and SDS, respectively) are compared with those obtained from fluorescence quenching, qualitative agreement between the two methods is observed. Nevertheless, the "polarity method" gives water concentrations in Triton X-100 and DTAC which are respectively 3-and 2-fold larger than those obtained from the "quenching method". This is not surprising because the shift in the emission spectrum of methyl 9-anthroate depends on all the dielectric properties of the medium, including polarizability, while the fluorescence lifetime is primarily dependent on the concentration of water.
Conclusions
From the previous results it is concluded that methyl 9-anthroate is a good fluorescent probe for water. This is due to the following reasons:
1. The fluorescence lifetime of methyl 9-anthroate is strongly quenched in the presence of water, and it does not depend on the solvent properties other than the hydrogen-bonding ability.
2.
The quenching rate constant is also independent of the solvent which allows the extrapolation of its value, obtained in homogeneous media, to the micellar medium, i.e., a quantitative analysis of the results. 3. The mean location site of methyl 9-anthroate in micelles can be ascertained with the 'H N M R technique.
4. The experiments can be performed with a small probe-tosurfactant molar ratio, i.e., a small perturbation (if any) of the micelle.
5. The necessary experimental data (fluorescence lifetimes) can be easily obtained with high accuracy.
The importance of this conclusion is reinforced by the fact that the 9-anthroate chromophore can be linked to different positions The Journal of Physical Chemistry, Vol. 93, No. 1, 1989 343 in fatty acid chains. Many of these compounds (e.g., the (nanthroyloxy) stearic acids, n = 2,3,6,9, and 12) are commercially available and are commonly used4"" as fluorescent probes. This fact opens up the possibility of measuring water concentrations at different mean radial positions in the micelle, using fluorescence and N M R techniques.
